The ascorbate-glutathione (ASC-GSH) cycle has an important role in defensive processes against oxidative damage generated by drought stress. In this study, the changes that take place in apoplastic and symplastic ASC-GSH cycle enzymes of the leaf and petiole were investigated under drought stress causing leaf rolling in Ctenanthe setosa (Rosc.) Eichler (Marantaceae). Apoplastic and symplastic extractions of leaf and petiole were performed at different visual leaf rolling scores from 1 to 4 (1 is unrolled, 4 is tightly rolled and the others are intermediate forms). Glutathione reductase (GR), a key enzyme in the GSH regeneration cycle, and ascorbate (ASC) were present in apoplastic spaces of the leaf and petiole, whereas dehydroascorbate reductase (DHAR), which uses glutathione as reductant, monodehydroascorbate reductase (MDHAR), which uses NAD(P)H as reductant, and glutathione were absent. GR, DHAR and MDHAR activities increased in the symplastic and apoplastic areas of the leaf. Apoplastic and symplastic ASC and dehydroascorbate (DHA), the oxidized form of ascorbate, rose at all scores except score 4 of symplastic ASC in the leaf. On the other hand, while reduced glutathione (GSH) content was enhanced, oxidized glutathione (GSSG) content decreased in the leaf during rolling. As for the petiole, GR activity increased in the apoplastic area but decreased in the symplastic area. DHAR and MDHAR activities increased throughout all scores, but decreased to the score 1 level at score 4. The ASC content of the apoplast increased during leaf rolling. Conversely, symplastic ASC content increased at score 2, however decreased at the later scores. While the apoplastic DHA content declined, symplastic DHA rose at score 2, but later was down to the level of score 1. While GSH content enhanced during leaf rolling, GSSG content did not change except at score 2. As well, there were good correlations between leaf rolling and ASC-GSH cycle enzyme activities in the leaf (GR and DHAR) and leaf rolling and GSSG. These results showed that in apoplastic and symplastic areas, ASC-GSH cycle enzymes leading ROS detoxification may have a role in controlling leaf rolling. 
ASC =
ascorbate; APX = ascorbate peroxidase; AWF = apoplastic washing fluid; DHA = dehydroascorbate; DHAR = dehydroascorbate reductase; DTNB = 5,5'-dithiobis-(2-nitrobenzoic acid); GSH = reduced glutathione; GSSG = oxidized glutathione; G6PDH = glucose-6-phosphate dehydrogenase; GR = glutathione reductase; HPLC = high-performance liquid chromatography; MDHAR = monodehydroascorbate reductase; POD = peroxidase; ROS = reactive oxygen species; RWC = relative water content; SOD = superoxide dismutase; g s = stomatal conductance.
INTRODUCTION
Leaf rolling is one of the most frequent responses to drought stress in some plants (Begg, 1980) . Leaf rolling reduces effective leaf area and transpiration, and therefore is a potentially useful drought avoidance mechanism in arid areas (Clarke, 1986) . Rolling also increases drought resistance in cereal crops (Townley-Smith and Hurd, 1979) . When plants are subjected to environmental stresses, some reactive oxygen species (ROS) such as superoxide (O 2 ·-), hydrogen peroxide (H 2 O 2 ), hydroxyl radicals ( · OH) and singlet oxygen ( 1 O 2 ) are produced (Li and Staden, 1998) . Removal of ROS is strictly controlled by an array of non-enzymatic and enzymatic antioxidant mechanisms in plants. Ascorbate (ASC) and glutathione (GSH) are the key nonenyzmatic antioxidants and play important roles in protecting cellular components from oxidative stress (Smirnoff and Pallanca, 1996) . Both compounds are involved in maintaining cellular redox status. Moreover, both react directly and neutralize 1 O 2 and . OH (Dalton, 1995) . Ascorbate is involved in several physiological processes in plant cell compartments, particularly in the apoplast. Ascorbate is also a substrate for cell wall peroxidases and plays a role in the regulation of cell wall lignification (Takahama and Oniki, 1992; De Cabo et al., 1996; Mehlhorn et al., 1996) .
Enzymatic ROS scavenging includes superoxide dismutase (SOD, EC 1.15.1.1), which dismutates O 2 ·-to H 2 O 2 . Subsequently, the ascorbate peroxidase (APX, EC 1.11.1.11) destroys the H 2 O 2 . However in plant cells, components of the ASC-GSH cycle, which is comprised of ASC, GSH, APX, monodehydroascorbate reductase (MDHAR, EC 1.6.5.4), dehydroascorbate reductase (DHAR, EC 1.8.5.1), and glutathione reductase (GR, EC 1.6.4.2), are more effective in H 2 O 2 detoxification mechanism (Asada, 1999; Möller, 2001; del-Rio et al., 2002) . Once used by APX, ASC is oxidized to the monodehydroascorbate radical that is reduced to ASC by MDHAR or disproportionately to ASC and dehydroascorbate (DHA). Dehydroascorbate undergoes irreversible hydrolysis to 2,3-diketogulonic acid or is reduced to ASC, which is a reaction catalyzed by dehydroascorbate reductase (DHAR). Glutathione also participates in the regeneration of ASC from DHA by enzyme DHAR. In this reaction, glutathione is oxidized to glutathione disulphide (GSSG). Glutathione acts as disulphide reductant to protect thiol groups on enzymes and is regenerated by GR in a NADPH dependent reaction (Arora et al., 2002) . Glutathione plays a protective role in scavenging of single oxygen, peroxides and hydroxyl radicals and is involved in recycling of reduced ASC in the ASC-GSH pathway in chloroplasts (Foyer, 1993) .
The apoplast, including the cell wall, has been defined as the extraprotoplastic matrix of plant cells. The apoplast is involved in many physiological processes of the cell, for instance nutrition, growth, and defense. Also, the apoplast matrix contains many enzymatic and non-enzymatic components (Dietz, 1997) . Abiotic stresses, such as high salinity (Hernandez et al., 2001) , ozone treatment (Jaspers et al., 2005) and water deficit (Hu et al., 2005) lead to rapid changes in the concentration and/or redox status of non-enzymatic components. Likewise, the effects of varied stress factors on the antioxidant systems of the apoplastic space have been studied by some authors, and results show that this area is important in the plant cell response to biotic stresses (Dietz, 1997; Vanacker et al., 1998; Lyons et al., 2001 ). However, little is known about the role of apoplastic antioxidant systems in defense against drought stress during leaf rolling in plants.
Ctenanthe setosa, a member of the family of tropical herbaceous perennials, is cultivated as a greenhouse ornamental plant and evidently shows a leaf rolling response to drought stress (Turgut and Kadioglu, 1998) . It is a suitable plant model to explain the mechanism of leaf rolling because its leaves show gradual rolling over a long period (30-40 days). Thus, observation and following of leaf rolling are easy (Kadioglu and Terzi, 2007) . As is known, C. setosa has a rhizome and a long petiole in the upper side of the soil. Moreover, the leaf shows rolling while the petiole has not yet made such a morphologically obvious adaptive response to drought. For this reason, we studied the antioxidant system in two parts of this plant; the lamina (without petiole, called 'leaf' or 'leaves' in this text) and the petiole.
In a previous study, we determined superoxide and H 2 O 2 levels during leaf rolling and, suggested the roles of CAT, guaiacol peroxidase (GPX), APX and SOD in antioxidant defense mechanisms in apoplastic and symplastic areas of C. setosa under drought stress. In the present study, in order to determine the relationship between leaf rolling and enzymes of the ASC-GSH cycle under drought stress, we hypothesize that ASC-GSH cycle enzymes may have a role in controlling leaf rolling. However, there is no available information about antioxidant enzymes of ASC-GSH cycle during leaf rolling in plants. Our second hypothesis is that there are differences between the actions of antioxidant systems of the leaf and petiole because the leaf shows rolling, while the petiole does not show such a morphologically obvious adaptive response to drought. Therefore, this study focused on the changes in activities of ASC-GSH cycle enzymes (DHAR, MDHAR and GR), and antioxidant substances (ASC, DHA, GSH and GSSG) in apoplastic/symplastic areas of the lamina and petiole during leaf rolling in C. setosa subjected drought stress.
MATERIAL AND METHODS

Growth of the plants and stress applications
Ctenanthe setosa (Rosc.) Eichler (Marantaceae) plants were vegetatively propagated and grown in plastic pots (14 cm high, 16 cm top and 11 cm bottom diameter) containing peat and sand (5: 1). Plants of the same age were selected. The old and wilted leaves were trimmed. Plants were kept adequately watered and then incubated in a growth chamber with the following parameters: 16 h light and 8 h darkness at 25 o C, relative humidity 70 %, photon flux density at the surface of the leaves 300 μmol m -2 s -1 . Some plants were well-watered (control) throughout the experiment, while others were subjected to drought stress to achieve different visual leaf rolling scores from 1 to 4 ( : 1, : 2, : 3, : 4) by withholding water for 56 days. Score 1 indicates no rolling (control plants), while score 4 indicates complete rolling. Visual leaf rolling scores were also used in other studies (e.g. O'Toole and Moya, 1978) . The following parameters were measured in apoplastic and symplastic spaces during leaf rolling.
Extraction of apoplastic washing fluid
For antioxidant enzyme analysis, apoplastic washing fluid (AWF) was extracted by the vacuum infiltration method by Hernandez et al. (2001) . Fresh leaf and petiole (2 g) were cut into 1 cm lengths, and rinsed in tap water six times to remove cellular proteins from the cut ends. Then, the leaf and petiole were vacuum-infiltrated for 20 min in 50 mM potassium-phosphate buffer (pH 6.5), containing 0.2 M KCl, 0.1 mM CaCl 2 . The leaf and petiole were blotted dry and placed vertically in a 20 ml syringe. The syringes were placed in centrifuge tubes. Apoplastic extract was collected from the bottom of the tubes after leaves and petioles were centrifuged at 1450 g and 825 g for 15 min.
For glutathione and ascorbate, AWF was obtained from leaf and petiole by vacuum infiltration with 10 mM KCl solution (pH 6.8), modifying the method described by Takahama and Oniki (1992) .
Leaf enzyme extraction
Following collection of AWF, the residual leaf material (0.5 g) was homogenized with 1% polyvinylpolypyrrolidone (PVPP) in 5 ml extraction buffer (50 mM potassiumphosphate buffer, 1 mM EDTA pH 7.0). The symplastic homogenate was centrifuged at 18.000 g for 20 min at 4 o C. Residual leaf extracts were decanted into eppendorf tubes for subsequent analysis.
Glucose-6-phosphate dehydrogenase activity
Glucose-6-phosphate dehydrogenase (G6PDH EC 1.1.1.49) activity was used to assess the degree of cytoplasmic contamination of AWF. Activity was measured by following the reduction of NADP at 340 nm (Kornberg and Horecker, 1955) using 66 mM K 2 HPO 4 (pH 7.6), 10 mM MgCl 2 , 300 μM NADP, 2 mM glucose-6-phosphate and 50 μl of extract. The activity of G6PDH was calculated using an extinction coefficient of 6.22 mM -1 cm -1 for NADPH at 340 nm.
Antioxidant enzyme analysis
Glutathione reductase activity was determined following the decrease in absorbance at 340 nm associated with the oxidation of NADPH (Foyer and Halliwell, 1976) . The assay contained 50 mM TrisHCl (pH 7.8), 150 μM NADPH, 500 μM oxidised glutathione (GSSG) and 50 μl extract.
Monodehydroascorbate reductase activity was determined by following the oxidation of NADH at 340 nm (Hossain et al., 1984) . The assay contained 50 mM K 2 HPO 4 (pH 7.8), 150 μM NADH, 500 μM ASC, 0.4 U ascorbate oxidase and 50 μl of extract. Rates obtained in the absence of ascorbate oxidase were subtracted. The activity of MDHAR was calculated using an extinction coefficient of 6.22 mM -1 cm -1 for NADH at 340 nm.
Dehydroascorbate reductase activity was assayed essentially, as described before . The leaf and petiole samples were ground in extraction buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2 mM EDTA and 1 mM MgCl 2 ) and centrifuged at 18.000 g for 20 min at 4 o C. The assay contained 50 mM K 2 HPO 4 / KH 2 PO 4 , pH 6.5, 0.5 mM DHA and 1 mM GSH and its activity was determined from the increase in absorbance at 265 nm following the production of ASC. DHAR activity was calculated using an extinction coefficient of 14 mM -1 cm -1 for ASC at 265 nm.
Antioxidant analysis
Antioxidants were analyzed immediately after AWF extraction. To extract ASC and GSH, fresh leaf and petiole (0.5 g) were ground in 5 ml of 5 % metaphosphoric acid containing 1 mM EDTA. The homogenate was centrifuged at 10.000 g for 5 min at 4 o C. Residual leaf extracts were decanted into eppendorf tubes for subsequent analysis. Glutathione content was determined by the spectrophotometric method of Griffith (1980), using an assay based on the enzymatic recycling of GSH, where GSH was sequentially oxidized and reduced by 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) and GR, respectively, The rate of formation DTNB was monitored at 412 nm. Glutathione (as GSH+GSSG) was measured using an assay mixture containing 250 mM K 2 HPO 4 /KH 2 PO 4 (pH 7.5), 200 μM NADPH, 600 μM DTNB, 25 μl extract and 0.3 U GR. The change in absorbance at 412 nm was recorded for 3 min. The extract was incubated to determinate the content of GSSG alone with 2-vinylpyridine for 1.5 h at 25 o C. Glutathione concentrations were calculated from a standard curve constructed using GSH over the range 0-5 μM.
For symplastic ASC content, two grams of fresh leaves and petioles were homogenized in 5% m-phosphoric acid. The homogenates were centrifuged at 4.500 g for 15 min at 4 °C. The supernatants were collected and lyophilized. The lyophilizates were dissolved in the same extraction solvent, centrifuged at 9.000 g for 10 min at 4 °C, filtered (0.45 μm Milipore filter) and directly injected (10 ml) to HPLC. For apoplastic and symplastic ASC contents, the high-performance liquid chromatographic (HPLC) system has been used in the present study consisted of an Agilent 1100 Series (Palo Alto, CA) equipped with a quaternary HPLC pump, micro vacuum degasser, thermostated column compartment, UV/VIS detector, standard micro and preparative autosampler.
Ascorbate and dehydroascorbate analysis were performed on Ace 5 C18 (ACE, Scotland) column (25 cm x 4.6 mm i.d., 10 mm particle size) operating at 25 °C with flow rate 2 ml/min. Elution was affected using a linear gradient of the solvent mixture 0.02 M potassium phosphate (pH 2.04). The automatic injection system had a 10 ml sample loop. Detection was done by a HP 1100 Series multivariable wavelength detector at a wavelength of 210 nm. Acid components were identified by comparison of their retention times to those of authentic standards under the above analysis conditions. Standard solutions of dehydroascorbic acid and ascorbic acid (each containing 25 mg/ml in mobile phase) were injected into the column. With those two standard solutions, calibration curves for each of the acids were made, dehydroascorbic acid corr: 0.99972 (4.635 min) and ascorbic acid corr: 0.99992 (7.611 min), which were later used for assessing the concentrations corresponding to the different peaks in the chromatograms. The areas of peaks of compounds were quantified by the HP ChemStations software.
Statistical analysis
All analyses were repeated three times with three replicates. Variance of mean values was performed with the Duncan Multiple Comparison Test using SPSS software for Microsoft Windows (Ver. 10.0, SPSS Inc., USA) and significance level was determined at the 5 % (P<0.05) level.
RESULTS
Apoplastic antioxidant enzymes
G6PDH activity as a cytoplasmic marker enzyme was measured to determine the cytoplasmic contamination of each apoplastic sample. Our results showed that AWF was free from symplastic contamination. G6PDH activity in AWF was below the limits of detection (1 %) in C. setosa. It was found 0.075 %, 0.070 %, 0.061 %, 0.086 % in the leaf and 0.19 %, 0.15 %, 0.32 %, 0.47 % in the petiole at score 1, 2, 3 and 4, respectively.
GR activity, one of the ASC-GSH cycle enzymes was shown in Fig. 2A . GR was present in AWF of the leaf and petiole, but DHAR and MDHAR were not. GR activity increased during the rolling period in the leaf. A significant positive correlation between leaf rolling and GR activity (r =0.92) was observed during the rolling period (Table 3 ). In the petiole, GR activity increased up to score 3, but then decreased. The activity in apoplast increased by 19.5 %, 93 % and 285 % in the leaf and 26 %, 46 % and 5.5 % in the petiole at score 2, 3 and 4, respectively.
Antioxidant enzymes of residual leaf and petiole
GR, DHAR and MDHAR were present in the symplastic space of the leaf and petiole. Symplastic GR activity did not change at score 2, but increased by 79 % and 93 % at score 3 and 4 compared to score 1 in the leaf. In the petiole, symplastic GR activity decreased 31 %, 14 % and 19.5 % at score 2, 3 and 4 compared to score 1, respectively (Fig. 2B ). In addition, there was a significant correlation between leaf rolling and GR activity (r=0.91) in the leaf (Table 3) .
Activities of ASC-recycling enzymes (DHAR and MDHAR) also showed changes at different visual leaf rolling scores during the drought period. The activity of DHAR in the leaf significantly increased during the rolling. The activity of DHAR in the leaf was higher than that of the petiole. The activity increased by 101 %, 172 % and 193 % in the leaf at score 2, 3 and 4, respectively. In the petiole, the activity statistically rose up to score 3, but decreased to the level of score 1 at score 4. The activity increased by 40 %, 43 % and 13 % in the petiole at score 2, 3 and 4, respectively (Fig. 3) . These changes were associated with an increase in GSH content. In addition, a very significant (P<0.01) positive correlation between leaf rolling and DHAR activity (r =0.96) was observed during the rolling period (Table 3) .
MDHAR activities in the leaf and petiole increased during leaf rolling. In the leaf and petiole, the activities at score 2 and 3 were found statistically important, but not at score 4 in the petiole. The activity increased by 88 %, 128 % and 83.5 % in the leaf and 67 %, 105 % and 8 % in the petiole at score 2, 3 and 4 compared to score 1, respectively (Fig.   4 ). There were no good correlations between the rolling and MDHAR activities in the leaf and petiole (Table 3) .
Apoplastic antioxidants
Because both ASC and GSH are potent scavengers of ROS, it is of interest to determine whether ASC and GSH contents change in apoplatic and symplastic areas during leaf rolling. It was found that apoplastic washing fluid does not contain GSH and GSSG. However, the ASC content of the apoplast increased at all scores compared to score 1 in the leaf and petiole. The increases were significant at all scores in the leaf and petiole. The same tendency was observed for the changes in DHA content. The apoplastic DHA content was observed to accumulate at all scores in the leaf, but declined in the petiole (Table 1) . However, we did not see any significant correlation between leaf rolling and apoplastic antioxidants (Table 3) .
Antioxidants of residual leaf and petiole
Glutathione content in residual leaf was higher than that of the petiole. GSH content was enhanced as the drought period progressed, indicating a relationship between glutathione accumulation and GR activity. The level of GSH increased by 99 %, 195 % and 153 % at score 2, 3 and 4 in leaf. However, in the petiole, it decreased by 20 % at score 2, but increased by 46 % and 48 % at score 3 and 4 compared to score 1, respectively. Drought caused a significant decrease in GSSG in the leaf. In contrast, GSSG increased at score 2, then did not change at score 3 and 4 in the petiole (Table 2) . Moreover, a significant negative correlation between leaf rolling and GSSG content (r =-0.93) was observed during the rolling period (Table 3) .
ASC content increased at score 2 and 3, but declined at score 4 in the leaf. The content of ASC increased in the petiole at score 2, but decreased at score 3 and 4. It was found that symplastic DHA enhanced The changes in GSH and GSSG content during leaf rolling in C. setosa. GSH and GSSG contents were expressed as nmol g -1 fresh weight. Linear correlations among leaf rolling and ASC-GSH cycle enzymes (DHAR, MDHAR and GR), and antioxidant substances (ASC, DHA, GSH and GSSG). The correlation coefficient (r) and significant differences are given. during rolling in the leaf. The content of DHA in the petiole significantly enhanced at score 2, but decreased at score 3 and 4 (Table 1 ). There were no good correlations between leaf rolling and ASC and DHA (Table 3) .
DISCUSSION
In the previous study, it was recorded that leaf water potential and RWC decreased during leaf rolling. Moreover, the decrease in RWC of the petiole was higher than that of the leaf during the rolling period. For example, RWCs of the leaf and petiole were 95 % and 97 % at score 1, but 78 % and 68 % at score 4, respectively. Water potentials of leaves were reduced -0.15 MPa at score 1 to -1.18 MPa at score 4 (data not shown). In the present study, the role of the antioxidant defense system, and more specially, the role of enzymes of the ASC-GSH cycle have been examined during leaf rolling under drought stress. Significant differences have been determined in ASC-GSH cycle related enzyme activities (APX, GR, MDHAR and DHAR) and antioxidant (ASC and GSH) contents between apoplastic and symplastic fractions. G6PDH was used as a cytoplasmic marker enzyme to determine the degree of contamination of the apoplastic extracts by components originating from within the cells. G6PDH activity in AWF was below the limits of detection (1 %) in C. setosa. Similarly, the activity of G6PDH in the apoplast of barley leaves was below 1 % (Padu et al. 1999) .
APX, MDHAR, DHAR, and GR are considered to constitute the Asada-Halliwell pathway enzymes for the scavenging of active oxygen species. Scavenging of H 2 O 2 by APX is the first step of the ASC-GSH cycle. DHAR, MDHAR and GR also participate in this cycle (Foyer and Halliwell, 1976; Asada, 1994) . In our previous study, apoplastic APX activity in the leaf and petiole of Ctenanthe increased, but did not change in the symplastic areas of leaf (data not shown). In the study, it was reported that an increase in apoplastic APX activity may result from the high increase of H 2 O 2 content in the same area.
In the present study, the activities of symplastic DHAR and MDHAR from others of the Asada-Halliwell pathway enzymes significantly increased during leaf rolling (Fig. 3, 4) . These results are consistent with the findings of Selote and Chopra (2006), who reported that DHAR and MDHAR activities increased significantly in wheat seedlings during mild and severe water stress. Increase in symplastic DHAR activity may be related to an increase in DHA level in the leaf. Thus, it causes that more ASC is produced from DHA. Also, under drought stress, a significant increase of DHAR and MDHAR activities in the petiole can be explained with a significant increase in GSH concentration. However, DHAR and MDHAR activities were not found in the apoplast of Ctenanthe, as was obtained in the similar Plantago major (Lyons et al., 1999) , Fagus sylvatica (Luwe, 1996) , Picea abies (Polle et al., 1990) and Sedum album (Castillo and Greppin 1988) leaves. As with Foyer and Halliwell (1976) , it was concluded that considerable regeneration of ASC from DHA by the ASC-GSH pathway may not take place in the apoplast of C. setosa because no DHAR activity was observed in the apoplast.
In our experiments, it was also found that symplastic GR activity increased during leaf rolling under drought in the leaf (Fig. 2B ). GR plays a very important role in maintaining high ratio of NADPH/NADP + in the cell and a crucial role in the generation of GSH from GSSG (Jain, 1998). It was thought that GR activity enhanced in the leaf because GSH concentration increased in this organ. Similarly Sharma and Dubey (2005) have reported an increase in GR activity in rice originated from enhanced GSH level. Contrary to GR activity in the leaf, the results showed that symplastic GR activity decreased in the petiole (Fig. 2B ). This result can be explained by the fact that the GSSG level does not change in the petiole.
In the current study, apoplastic GR activity increased in leaves during leaf rolling. In the petiole, however, it increased up to score 3, but then declined to the level of score 1 (Fig. 2A) . According to these results, we can conclude that GR has a function to scavenge ROS accumulated in the apoplastic areas by ASC-GSH cycle. Similarly, it has been pointed out that increases in GR activity in response to elevated oxygen concentrations suggest a prominent role for this enzyme in the protection of leaf tissue against oxidative damage (Foster and Hess, 1982; Gamble and Burke, 1984) .
Our results show that symplastic ASC content increased up to score 3, but then decreased as compared to score 1 in the leaf (Table 1) . Decrease of symplastic ASC content may be explained by its oxidation to DHA by ROS. Similar to our results, it was determined that DHA content enhanced, while ASC content decreased in rice under water stress (Boo and Jung, 1999; Boo et al., 2000) . ASC in the symplast of petiole also increased at the beginning of leaf rolling, but then decreased (Table 1) . Decrease of ASC content in petiole could be explained as APX is using ASC as a substrate.
In this work, the ASC content of the apoplast increased compared to score 1 in the leaf and petiole during leaf rolling, but DHA content increased in leaf while it decreased in the petiole (Table 1) . Ascorbate may be transported across the plasma membrane in the petiole of C. setosa. Indeed, decrease in ASC content of symplastic area of the petiole shows that symplastic ASC may be transported from the cytosol to apoplast in the plant during leaf rolling. In the leaf, production of symplastic ASC was higher than that of petiole. Thus, it can be said that ASC production also goes on while ASC is transported to the apoplastic area.
In this study, neither GSH nor GSSG were present in the apoplast of C. setosa. Similarly some works have detected very little or no GSH in the apoplast (Luwe, 1996; Vanacker et al., 1998; Lyons et al., 1999) . Since GSH is not placed in apoplast of C. setosa, regeneration of ASC from DHA via the ASC-GSH cycle (Foyer and Halliwell, 1976) may not occur in the apoplast. In the current study, symplastic GSH content during rolling also increased in the leaf and petiole, similar to rice under drought stress (Sharma and Dubey, 2005) . The increase in GSH content in the leaf may originate from enhanced H 2 O 2 and GR activity. Similar to results on GR activity, it was suggested that H 2 O 2 level increased during leaf rolling in C. setosa (data not shown). It was shown that the increase in H 2 O 2 level enhanced the antioxidant substances and antioxidative enzymes in some plants (Creissen et al., 1996; Lechno et al., 1997) . Furthermore, it is thought that an increase in the GSH level is necessary for regulation of ASC and DHA levels. While symplastic GSH contents increased, GSSG content significantly decreased in the leaf of C. setosa (Table 2) . These results show that GR uses NADPH as a substrate and so generates GSH from GSSG. It is known that GR uses NADPH to reduce GSSG to GSH and so it can play a role in maintaining the high ratio of NADPH/ NADP + in the cell (Creissen et al., 1996) . In contrast to the leaf, where GSH content was decreasing, GSSG increased in the petiole at score 2 compared to score 1 (Table 2) . GSSG accumulation may have resulted from the decrease of GR activity in the symplastic area of petiole. Also, while GSH increased at scores 3 and 4, GSSG did not change compared to score 1. Moreover, GR activity declined in the petiole. The increase in GSH content may have originated from non-enzymatic reactions.
The results show that ASC-GSH cycle enzymes were induced in a different manner by ROS in the leaf and petiole. For this reason, the antioxidant levels (GSH and ASC) and the activities of antioxidant enzymes in the petiole were not higher than those of the leaf, although the decrease in RWC of the petiole was higher than that of the leaf during the rolling period. This difference may originate from different structures or the rolling behavior of two plant parts.
In conclusion, ASC-GSH cycle enzymes may have a role in controlling leaf rolling to scavenge ROS in the apoplastic and symplastic areas of leaf and petiole in C. setosa. Moreover, leaf rolling provides a protection not only for the leaf, but also for the petiole by decreasing water loss through leaf surfaces.
